Introduction
In the last decades the interest towards the adsorption of proteins on a solid surface has tremendously increased [1] [2] [3] [4] [5] [6] . The use of porous materials to incorporate biomolecules has attracted great attention because of their large surface area and tunable textural properties such as their pore size and volume. This permits to vary the amount of immobilized proteins and enzymes in a wide range of molecular sizes, making these materials suitable in the field of biosensors 7, 8 , bio(electro)catalysis [9] [10] [11] , bioelectrochemistry 12 and drug delivery [13] [14] [15] [16] [17] . Among all these materials, mesoporous silica is frequently used for the incorporation of proteins in a wide range of applications because of its ease of synthesis resulting in materials with a highly ordered and tunable mesoporous structure, narrow pore-size distribution, high pore volume and surface area [18] [19] [20] [21] [22] [23] [24] [25] . Nevertheless, the electronic properties of silica, considerably limit its applicability in (bio)electrochemistry 26 . The development of well-structured nonsiliceous metal oxides 27, 28 such as Nb 2 O 5 7 , ZrO 2 29,30 , ZnO 31 , and TiO 2 32,33 has led to a huge increase in the use of these materials.
Mesoporous TiO 2 is a promising substrate for the adsorption of biomolecules because of its bio and eco compatibility [34] [35] [36] . Its applications in electrochemistry 37 and biochemistry 38 are therefore continuously increasing. Despite the many investigations performed on the encapsulation of proteins and biomolecules onto mesoporous metal oxide, there are only few studies describing the effect of the buffer solution on the adsorption. Parkes et al. 39 Please do not adjust margins
Please do not adjust margins lysosome) on a germanium crystal surface and TiO 2 films respectively. They both concluded that the use of PBS decreases the adsorption of proteins. B. Fubini and co-workers 42 compared the use of 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and PBS for the adsorption of BSA on commercial non-porous TiO 2 .
The results clearly indicate a great influence of the buffer choice on the surface properties of the titanium dioxide. To the best of our knowledge, there are no previous systematic studies on the impact of buffer choice on the adsorption of proteins on mesoporous TiO 2 (adsorption capacity and kinetics). This is, however, important as many applications involving the immobilization of biomolecules imply their encapsulation in porous systems. On the one hand, the stability of the biomolecule itself is largely dependent on the buffer solution. On the other hand, the control of the pH of the protein solution plays a key role in the adsorption process 39 and it is a crucial step in their incorporation. In fact, a higher amount of proteins can be adsorbed if the solution pH is close to the isoelectric point (IP) of the proteins and when the proteins and the mesoporous surface are electrostatically attractive 43 . Furthermore, one can also imagine that the interaction of the buffer solution with the surface will alter the surface properties of the mesoporous materials, influencing the protein adsorption and its correlated performance in application 44 .
Buffers play a dual role in protein incorporation: they should ensure protein stability and allow for an optimal sorption capacity and kinetics. In order to gain understanding in this role, we have investigated the impact of the interaction between a commercial mesoporous titanium dioxide (Millennium PC 500) and three of the most applied buffers in protein incorporation: HEPES, 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris) and PBS.
Although those three buffers are being applied for the same intent, they have large differences in chemical structure. A better understanding of the interaction between biomolecules-buffer-titania, and thus a better control of the immobilization of proteins onto surfaces, is envisioned. In addition, knowledge of structural modification and activity changes due to such interactions, will avoid misinterpretation of biomolecule-adsorption results.
Experimental methods

Materials
Myoglobin from equine heart (≥90%, essentially salt-free, lyophilized powder), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES buffer, ≥99%), 2-amino-2-hydorxymethyl-propane-1,3-diol (Tris buffer, ≥99.9%), phosphate buffer saline (PBS) and sodium hydroxide (ACS reagent, ≥97%) were all purchased from Sigma Aldrich and used without further purification. Titanium dioxide Millennium PC500 was obtained from Cristal Global. Non-porous titanium dioxide P25 was purchased from Degussa-Hüls Gmbh.
Prior to use, the commercial titanium-dioxide material was pretreated to enhance its pore size, required for protein adsorption.
Millennium PC500 was calcined as received at 350 o C for 6h
(1 o C/min) in a Lenton chamber furnace in order to obtain an enlarged pore size 45 . The surface area and the pore size of the calcined and of the myoglobin-incorporated material were measured via N 2 -sorption. All buffers used in this work are aqueous solutions of the three buffers discussed above. Considering the PZC (point of zero charge) of titanium dioxide (~6.2) 46 and the isoelectric points of hhMb (7.2) 43 , the pH of all the solution was adjusted to 7
by adding NaOH in order to maximize the adsorption 43 . Buffer
Please do not adjust margins Please do not adjust margins solutions without proteins are denoted in the text as "(buffer)
solutions", while the buffer solution with proteins added is denoted as "protein solution".
Study of the interaction between the buffers and the TiO 2
In a typical experiment 10 mg of mesoporous TiO 2 were dissolved in 4 mL of the buffer solution. Then, the mixture was left shaking for 2h at 300 rpm on a VWR ADV 3500 shaker. Unless stated otherwise, the buffer concentration is 10 mM. After shaking, the solution was centrifuged at 4000 rpm for 5 min and the precipitate washed and filtrated under vacuum with distilled water in order to remove the physisorbed molecules. Finally, the washed samples were dried at ambient conditions for 1 day. The dried powders were analyzed using TGA/DTG analysis, FT-IR and XRF spectroscopy.
Measurement of proteins adsorption
The protein adsorption was achieved dissolving 10 mg of calcined Millennium in 4 mL of buffered myoglobin solution (0.25 mg protein/mL), then the mixture was left shaking for at least 24 h. The solid samples were also dried and washed with the same procedure as described above, using fresh buffer solution to remove the physisorbed proteins. Subsequently, the myoglobin incorporated powders were analyzed by IR spectroscopy, TGA/DTG analysis and EPR. Each measurement was repeated at least three times.
Characterization methods
The N 2 -sorption analysis was carried out on a Quantachrome
Quadrasorb SI automated gas adsorption system. Before starting the measurement the samples were degassed with an AS-6 degasser for 16 h at 150 o C, then the analysis was performed at -196 o C. When adsorbed molecules were present, the samples were degassed at 25 o C to prevent changes in the loading of the materials.
It has to be mentioned that this will leave some residual solvent at the surface, lowering the available surface to some extent. The Simulation of the spectra was performed using Easyspin 49 , a toolbox for MATLAB (Mathworks, Natick, Massachusetts, USA).
The X-ray fluorescence measurements were carried out on an 
Results and discussion
Characterization of calcined Millennium
Millennium PC500 is a porous, industrially produced titaniumdioxide powder. It has a high surface area ( 
Buffer effect on protein stability in solution
As stability is one of the key issues in the use of biomolecules, the protein stability has been evaluated for the three different buffers.
HhMb ( More specific, the here observed LS signal can be ascribed to hydroxide-coordinated hhMb, i.e a low-spin form produced by the ionization of the distal water 55 . This form tends to become more prominent as pH increases. The EPR results thus show that, for none of the investigated buffers, major changes occur in the hemepocket region, apart from the known deprotonation of the hemeligating water occurring at pH>7.
Nevertheless, the UV-vis results clearly show that HEPES is not a very good buffer to preserve hhMb in solution over time.
Interaction between the different buffers and mesoporous
TiO 2
The interaction between the TiO 2 surface and the buffer solution can be monitored by FT IR. , assigned to adsorbed water 56 , and a strong absorption band below 1000 cm -1 due to the bulk TiO 2 57 .
Furthermore, all spectra show a sharp peak at 3690 cm -1 assigned to the OH group of the upmost adsorbed water layer 56 . The change in the shape of the broad band in the region between 3800 and 2600 cm -1 in Mil-PBS can be ascribed to differences in the amount and structural features of the adsorbed water 58 . This might be induced by the presence of phosphonic acid or phosphoryl groups present in PBS.
A magnification in the region 900-1800 cm -1 of the IR spectra is shown in Figure 3 . The weak bands at 1550 and 1140 cm -1 are ascribed to impurities of the bulk material (presumably carbonate and sulfate according to the producer). A small broad peak centered at 1300 cm -1 , assigned to the C-N stretching 59 anything is present, the amount is small. The XRF analysis (Table 2) (Figure 4) . In all the samples the effect is more prominent in pores with larger pore size (higher P/P 0 ). it is expected that the use of different buffers will also induce differences in the interaction of hhMb with Millennium, possibly influencing the protein adsorption rate and loading capacity. 
Buffer effect on the adsorption of horse heart myoglobin
Structural stability of horse heart myoglobin upon adsorption in different buffers
In order to investigate the structural stability of the proteins after adsorption, the IR spectra of the samples have been recorded after protein incorporation (Figure 7) . The peaks at 1660 and 1542 cm Again, in the IR spectra depicted in Figure 7 , the clear interaction of the phosphate groups with the surface is indicated by the peaks at 1130 and 1066 cm -1 (compare with Figure 3 ). As discussed above PBS stabilizes the native structure of the protein preventing hhMb from unfolding and subsequent aggregation.
Thus, the diverging behavior observed for this buffer cannot be ascribed to full denaturation of the proteins inside the solution, as proved by the stability test shown above. As discussed earlier, the phosphate anions and hhMb seem to have a competitive adsorption, which causes a strong decrease of the surface coverage.
In addition, some modifications on the secondary structure of the protein occur when the adsorption is performed in phosphate buffer, as shown by the IR spectrum ( Figure 7 ). This is in agreement with structural rearrangements of hhMb observed upon adsorption on zirconia nanoparticles due to the phosphate anions 74 .
We propose that the phosphate anions (HPO 4 2-and H 2 PO 4 -at pH 7)
are responsible for the divergent incorporation behavior observed when PBS is used, generating on the TiO 2 surface (which tends to be slightly positively charged at pH 7 
Heme pocket structure upon adsorption in different buffers
As discussed above, the EPR analysis gives information on the stability and the conformation of the heme center of proteins. confirming the previous observations (see Figure 5 ). Tofani at al. 76 showed using UV-vis absorption spectroscopy that, upon addition of a low concentration of sodium dodecyl sulfate 
Electrochemical activity of proteins incorporated in different buffers
Cyclic voltammetry is a useful tool to investigate the microenvironment surrounding the heme center through evaluation of the redox activity. Differences in the electrochemical activity may arise from the pores confinement and/or different interaction with the TiO 2 surface. Please do not adjust margins Please do not adjust margins is the gas constant, T the absolute temperature, n the number of electrons involved (here n=1) and ΔE is the peak to peak separation. 
Conclusions
The impact of the choice of the buffer medium on the stability and the adsorption of hhMb on a commercial mesoporous titanium dioxide was evaluated. Tris and PBS were revealed to be a good 
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